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The surface of Indium tin oxide (ITO) used as an electrode in organic light emitting diodes 
(OLEDs) and organic thin film transistors (OTFTs) was modified by a self-assembled monolayer 
(SAM). In order to increase the work function of the electrode, we modified the surface of the ITO 
by immersion in solutions including various SAM materials, such as 4-chlorophenhyl trichlorosi- 
lane (4-CPTS), chloromethyl trichlorosilane (CMTS), 4-chlorophenyl phosphonic acid (4-CPPA), 
3-nitrophenyl phosphonic acid (3-NPPA) and 2-chloroethyl phosphonic acid (2-CEPA), at room 
temperature. The work function changes of the ITO with a SAM were measured by using a Kelvin 
probe. A work function increase of 1.09 eV was observed in the ITO with CMTS. In addition, it 
was found by using X-ray photoelectron spectroscopy that an increase in oxygen bonding energy 
contributed to the work function increase of the ITO. Through a SAM process, the transmittance 
of the ITO with a SAM was not changed. Therefore, some possibility of ohmic contact was shown 
because the energy barrier was removed in an interface between the ITO and an organic layer (pen- 
tacene or TPD) in the OTFT or the OLED. The origin of the work function increase of the ITO 
with a SAM was analyzed by X-ray photoelectron spectroscopy. These results suggest that ITO 
with a SAM greatly increases the probability for high-performance OLEDs and OTFTs. 

PACS numbers: 85.30.Tv, 72.80.Le, 73.20.At, 81.40.Rs 

Keywords: Organic light emitting diode (OLED), Organic thin film transistor (OTFT), Indium tin oxide 
(ITO), Work function, Self assembled monolayer (SAM) 


I. INTRODUCTION 

Over the past few decades, a considerable number of 
studies have focused on organic light emitting diodes 
(OLEDs) [1,2] and organic thin film transistors (OTFTs) 
[3,4]. As a result of this research, commercial forms 
of these products are now extending into various mar¬ 
kets. The OLEDs and OTFTs, which are based on thin 
films of polymers or monomers, are increasingly used in 
the manufacture of commercial devices with flat panel 
displays [5]. However, problems with these materials 
remain, such as their relatively high operating voltage, 
low efficiency, and the short device lifetime [6]. To over¬ 
come these problems and to improve the performance of 
OLEDs and OTFTs, numerous researchers have investi¬ 
gated organic semiconductors, gate dielectric layers, and 
electrodes [5]. Of these, electrodes that make possible 
high-performance OLED and OTFT have recently been 
of interest to some researchers [6]. 

Indium tin oxide (In 203 -Sn 02 : ITO) with high con¬ 
ductivity and transmittance has been utilized in trans¬ 
parent electrodes in many different types of display de¬ 
vices (liquid crystal displays (LCD), OLED, plasma dis¬ 


play panel (PDP)) and solar cells [7-9]. In particular, 
ITO has been used not only for electrodes for OLEDs 
and OTFTs, but also in the driving circuits for flat panel 
displays. Fig. 1 shows the structure of an OLED and 
an OTFT with ITO electrodes. However, hole move¬ 
ments are generally hindered by the high energy bar¬ 
rier created by a difference between the work function of 
ITO and highest occupied molecular orbital (HOMO) 
level of the organic semiconductor when holes trans¬ 
fer from the ITO electrode to the organic semiconduc¬ 
tor in the OTFT and the OLED. The HOMO level 
of the hole transport layer (N,N0-diphenyl-N,N0-bis(3- 
methylphenyl)l-10biphenyl-4,40diamine: TPD) in the 
OLED and active layer (pentacene) in the OTFT are 
5.1 ~ 5.4 eV [10]. As the work function of ITO is 4.5 
^ 4.6eV, an energy barrier is generated in the interface 
between the ITO electrode and the organic layer. There¬ 
fore, it is necessary to increase the work function of the 
ITO until it is equal to or higher to HOMO level of the 
organic semiconductor. To reduce the energy barrier be¬ 
tween the electrode and organic layer, it is necessary to 
increase the work function of the ITO. 

To remove or reduce the energy barrier between the 
electrode and organic layer, other materials (the work 
functions of Au, Ni: 5.1, 5.0 eV) having relatively higher 
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Fig. 2. Hole transport by work function increase of the 
ITO with SAM for OLED and OTFT. 



(b) 


Fig. 1. Schematic diagram of OLED (a) and OTFT (b) 
using ITO electrode with SAM. 

work functions have been utilized. However, these ma¬ 
terials are not able to compete with ITO both in terms 
of price and optical quality, as they have a low transmit¬ 
tance with a high cost. A considerable number of studies 
have been conducted recently regarding the work func¬ 
tion increase of an ITO electrode using ultraviolet (UV) 
and oxygen plasma methods; however, the work func¬ 
tion increases obtained by using these methods are not 
high, and the process has the additional disadvantage of 
requiring costly equipment [11,12]. 

A surface modification is technology to convert or im¬ 
prove the physical and/or chemical characteristics of a 
surface [11]. In electrical, mechanical, and biological ap¬ 
plications, due to the increase in the resistance caused 
by friction and abrasion, corrosion and other detrimen¬ 
tal physical properties are induced on the material sur¬ 
face. For these reasons, surface modifications to intro¬ 
duce more functional properties have been researched 
and developed [12]. Thus far, these surface modifica¬ 
tions have included drying methods using a vacuum pro¬ 
cess as well as wet methods, such as hydrogen passi¬ 
vation and the use of a hydrogen-bonded fluorinated 
monolayer and a covalently-bonded hydrocarbon self- 
assembled monolayer (SAM) [13]. Surface modifications 
with a SAM have led to positive quality changes in the 
physical strength, the chemical and thermal stability, 


and the adhesion. In addition, as the SAM process in¬ 
volves the simple formation of a SAM on a surface and 
is feasible for large scale processes, it is used frequently 
in various surface modification fields. Furthermore, the 
SAM process, due to its many advantages, can alter the 
properties of a surface without physical or chemical dam¬ 
ages. Many researchers continue to seek a method to 
increase the work function of electrodes with SAMs for 
these reasons. Although numerous studies have been car¬ 
ried out regarding SAMs, little is known about using 
SAMs on electrodes in display devices. 

The work function of a conducting material, especially 
ITO, is known to be influenced by the electrostatic con¬ 
dition at its surface [14]. In an effort to increase the 
work function and to improve hole injection, researchers 
have endeavored to modify the surface of ITO by using a 
plasma treatment [15,16] or aqua regia [17,18]. Recently, 
Zehner et al. [19] and Campbell et al. [20] have shown 
that dipolar moments form a self-assembled monolayer 
(SAM) on gold and that the SAM can be used to control 
the work function. Accordingly, it is hypothesized in this 
paper that a SAM might increase the work function of 
an ITO and thereby improve the performance of OLEDs 
and OTFTs. 

In this study, a SAM increases is demonstrated the 
work function of an ITO over HOMO level of an or¬ 
ganic semiconductor without changing the transmittance 
of the ITO. Fig. 2 presents a schematic diagram of the 
proposed method of increasing the ITO work function. 
The possibility of ohmic contact between the ITO elec¬ 
trode with the SAM and the organic layer is shown when 
an ITO electrode with a SAM is used for the electrode 
in an organic display. 


II. EXPERIMENT 

ITOs on glass were prepared by Samsung with a thick¬ 
nesses of 400 A and resistivity of 20 ~ 30 Cl/D on glass. 
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Fig. 3. Molecular structures of the five SAM materials 
used in the study, (a). 4-chlorophenhyl trichlorosilane (4- 
CPTS), (b). chloromethyl trichlorosilane (CMTS), (c). 4- 
chlorophenyl phosphonic acid (4-CPPA), (d). 3-nitrophenyl 
phosphonic acid (3-NPPA), (e). 2-chloroethyl phosphonic 
acid(2-CEPA) 


These ratings were confirmed by using an alpha-step and 
a four-point probe. Various SAM materials were pre¬ 
pared for surface modifications. The SAM materials were 
4-chlorophenhyl trichlorosilane (4-CPTS), chloromethyl 
trichlorosilane (CMTS), 4-chlorophenyl phosphonic acid 
(4-CPPA), 3-nitrophenyl phosphonic acid (3-NPPA), 
and 2-chloroethyl phosphonic acid (2-CEPA) materials, 
which can form a SAM on metals and ceramics and in¬ 
crease the work functions of the metals and the ceramics 
[21] (see Fig. 3). Hydrogen peroxide, liquid ammonia, 
chloroform, methanol, and isooctane were also used to 
pre-clean the ITO before the SAM treatment. For the 
surface modification of the ITO, impurities on the ITOs 
were removed with isopropyl alcohol through ultrasonic 
means. Following this, the isopropyl alcohol was dried 
by blowing N 2 gas over it. To ensure good adhesion be¬ 
tween the SAMs and the cleaned ITO surface, hydroxyl 
and oxygen were inducted onto the ITO surfaces through 
a dipping process with a mixture of hydrogen peroxide, 
liquid ammonia, and water (3:3:5) for five minutes. 

A solution of SAM materials (10 mM) was prepared 
in 30 % methanol in chloroform. For the formation of 
various SAMs, as shown in Fig. 3, on activated ITO 
surfaces, an ITO was dipped directly into a SAM solu¬ 
tion. The ITO glasses were immersed in the solution for 
5minutes, and subsequently rinsed in 30 % methanol in 
chloroform for cleaning. Following this, the solution on 
the ITO surfaces was dried by blowing N 2 gas over it. 


Fig. 4. Schematic diagram of SAM experiment processes. 



SAMPLE 

Fig. 5. The work function of ITO with various SAM, non- 
treated ITO, pentacene and TPD. 


The ITO work function with the SAM was measured by 
using a Kelvin probe. Measurements were carried out to 
investigate the cause of any work function increase of the 
ITO. The ITOs were measured by using X-ray photoelec¬ 
tron spectroscopy (XPS) and atomic forced microscope 
(AFM). The transmittances of the ITOs were measured 
by using an UV visible spectrometer. Fig. 4 shows a 
diagram of the surface modification process. 


III. RESULTS AND DISCUSSION 

Fig. 5 shows the work function of non-treated ITOs, 
ITOs with various SAMs, and an organic semiconduc¬ 
tor (pentacene) as measured by using a Kelvin probe. 
The work function of the ITO with the SAM was 5.258 
~ 5.695 eV. When the work function of an ITO is com¬ 
pared with an ITO with a SAM, SAM increased the work 
function of 0.689 ^ 1.092 eV. In comparison with the 
pentacene, the work function of an ITO with a SAM is 
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Fig. 6. XPS analysis of ITO with SAM. 


greater by 0.158 ~ 0.895 eV. In addition, an ITO with 
CMTS is greater by 0.295 eV in comparison with a TPD. 
In this result, the interface between the ITO electrode 
and the organic layer (pentacene, TPD) showed some 
possibility of ohmic contact, as the work function in¬ 
crease of the ITO with the SAM removed the energy bar¬ 
rier in the interface between the ITO electrode and the 
organic layer. The energy barrier removal between the 
ITO electrode and the organic layer (TPD, pentacene) 
showed the potential for an efficiency improvement of the 
organic displays (OLED, OTFT). In particular, CMTS 
demonstrated that SAM materials could improve the ef¬ 
ficiency of organic devices (OLEDs, OTFTs). 

Investigating the peaks of the XPS spectra is neces¬ 
sary to demonstrate the existence of a SAM on an ITO, 
as a SAM is too thin to be observed with a microscope or 
through scanning electron microscopy (SEM). To verify 
the existence of a SAM on an ITO and to investigate the 
work function increase of the ITO, we measured an ITO 
with a SAM was measured by using wide and narrow 
XPS scans. Fig. 6 shows the XPS spectra of the ITO 
in addition to that of an ITO with a SAM. The peaks 
generated by atoms of the SAM in the XPS spectra ap¬ 
pear in Fig. 6(a). In addition, the transmittance of an 
ITO with a SAM was not changed by the presence of a 
SAM, as a SAM is a very thin monolayer approximately 
one molecule in length (see Fig. 7). These results indi¬ 
cate that the SAM process does not induce any surface 
structural and/or chemical changes that can influence 
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Fig. 7. UV-VIS spectra result of non-treated ITO and ITO 
with various SAM. 
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Fig. 8. AFM images for ITO and ITO with various SAM. 


the optical properties. In addition, the formation of a 
monolayer on the ITO with a SAM was analyzed by us¬ 
ing AFM. Fig. 8 shows AFM images of non-treated ITO 
and an ITO with a SAM. The surface morphology of 
the ITO is nearly identical to that of the ITO with a 
SAM, regardless of the chemical species. In this image, 




































-2038- 


Journal of the Korean Physical Society, Vol. 49, No. 5, November 2006 




Bonding energy Restriction 
increase of electrons 

v 


Bonding 
energy 
increase of 
ITO atoms by 
SAM 


Work function 
increase of ITO 


Fig. 9. The work function increase of ITO by composition 
decrease of In, Sn. 


Fig. 10. The work function increase of ITO by bonding 
energy increase of SAM and oxygen atoms. 


the average root mean squares (rms) surface roughness 
of the non-treated ITOs were all 0.48 nm, and the aver¬ 
age root mean squares surface roughness of ITOs with a 
SAM were 0.37 ~ 0.57 nm. If a SAM is coated onto the 
ITO, the rms of the ITO and the ITO with the SAM will 
differ. The differences between an ITO and an ITO with 
a SAM can determine that a SAM was coated onto an 
ITO. In addition, a small Rms differences (-0.11 ^0.09 
nm) can show that the SAM was coated as a monolayer 
on the ITO. 

In order to definitely determine the reasons for the 
work function increase of the ITOs, we present the XPS 
spectra using a narrow scan (Fig. 6(b) ^ (d)) of an XPS 
for oxygen, indium, and tin atoms. First, the causes 
of a work function increase following a change in the 
atom composition ratio were analyzed. The peaks of 
the indium and the tin atoms of an ITO with a SAM 
(Fig. 6(c), (d)) were shown to be lower than the peaks 
of indium and tin of a non-treated ITO. The composi¬ 
tion ratio reduction of indium and tin may have resulted 
the SAM on an ITO lowering the peaks of indium and 
tin in the XPS spectra. In Fig. 6(b), as a SAM in¬ 
cludes an oxygen atom, it is thought that the SAM does 
not influence the change in the oxygen composition ratio 
(Fig. 9). A recent paper reported that an increase in 
the indium composition ratio in an ITO lowers the work 
function [22]. However, because the thickness of a SAM 
was nearly identical to that of a molecule, the indium 
composition ratio change of an ITO did not significantly 
influence the work function increase. In addition, the 
change in the tin composition ratio was similar to the 
change of the indium composition ratio. However, as the 
change in the tin composition ratio was especially small, 
the change in the tin composition ratio did not influence 
the increase in the work function. 

Secondly, the causes of the change in the work function 
with respect to the bonding energy change of atoms were 
analyzed. The bonding energies of indium and tin atoms 
showed only a slight change. Most of the bonding energy 
change was that of oxygen atoms, as shown Fig. 6(b). 


The bonding energy of oxygen atoms in an ITO with a 
SAM was confirmed to have increased as a result of hy¬ 
droxyl and oxygen atoms that induced SAM molecules 
combined by the SAM treatment. This combination in¬ 
creased the bonding energy of the oxygen atoms. The 
oxygen atoms of the SAM molecules combined with the 
dangling bonding arms on the ITO surface. Hence, the 
bonding energy of the oxygen atoms increased. More¬ 
over, not only oxygen atoms but also indium and tin 
atoms were combined more strongly due to the increased 
bonding energy of the oxygen atoms (Fig. 10). Particu¬ 
larly, 4-OPTS and CMTS combined oxygen and indium 
atoms with the ITO surface more strongly. The bonding 
energy increase restricts the emission of electrons and 
increases the work function. These result demonstrate 
that the bonding energy increase of an ITO with a SAM 
increases the ITO work function. 


IV. CONCLUSIONS 

After an activation process for good adhesion between 
the SAM and the cleaned ITO surface, the ITO surface 
was treated with various SAM materials. The work func¬ 
tion of the ITO with the SAM increased over that of a 
TPD. In particular, the ITO work function with a SAM 
using CMTS was 5.695 eV. This result showed the high¬ 
est ITO work function with a SAM using CMTS in SAM 
materials. Accordingly, the energy barrier is reduced in 
the interface between an ITO with a SAM and an or¬ 
ganic semiconductor. Therefore, the possibility of ohmic 
contact between the ITO electrode with SAM and the or¬ 
ganic semiconductor is shown. In addition, the SAM did 
not influence the transmittance of the ITO. The causes 
of the work function increase of the ITO with a SAM 
lie with the composition ratio decrease of indium atoms, 
which decreases the work function, and with the bonding 
energy increase in the oxygen atoms in the ITO with a 
SAM. The oxygen atoms that increase the bonding en¬ 
ergy combine with the indium and the tin atoms in the 
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ITO with the SAM. The increase in the bonding energy 
of oxygen in an ITO with a SAM generated increase in 
the work function of the ITO with the SAM. 
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